The Parkinson's disease-related protein DJ-1 has a role in the protection against oxidative stress and maintenance of mitochondria structure. Whether this action depends on its localization and activity within the mitochondria is not clear. Here we develop an approach to resolve intra-mitochondrial distribution of DJ-1 and monitor its translocation under specific conditions. By a new split-green fluorescent protein (GFP)-based tool, we can observe that a small DJ-1 fraction is located within the mitochondrial matrix and that it consistently increases upon nutrient depletion. We also find that the targeting of DJ-1 to the mitochondrial matrix enhances mitochondrial and cytosolic adenosine triphosphate levels. Intriguingly, DJ-1 pathogenic mutants fail to improve bioenergetics and translocate within the mitochondrial matrix, suggesting that the DJ-1 protective role requires both these actions. By this new split-GFP-based tool, we can resolve mitochondrial compartmentalization of proteins which are not constitutively resident in mitochondria but translocate to them in response to specific stimuli.
INTRODUCTION
DJ-1 (PARK7) gene was first identified as an oncogene and later associated with familial Parkinson's disease (1, 2) . Its role is intriguing because its loss of function leads to cell death in neurodegenerative conditions (3, 4) and its gain of function drives cell survival in cancer (5) .
DJ-1 is prevalently cytosolic (2) , but it has also been found in the nucleus (6 -8) and in the mitochondria (9 -11) . The occurrence and the significance of DJ-1 mitochondrial localization is still unclear and controversial: several reports have alternatively found it at the outer membrane (12, 13) , the inner membrane (10, 14) and in the matrix (9) . Whether a different distribution at these sites could support different cellular activities is presently unknown. Convincing evidence indicates that oxidative stress causes DJ-1 translocation to mitochondria, thus enhancing its antioxidant activity and neuroprotective action (12, 14, 15) . Artificial targeting of DJ-1 to the outer mitochondrial membrane (OMM) or to the mitochondrial matrix reduced H 2 O 2 -induced cell death in neuroblastoma cells (15) and acute cardiac ischaemia-reperfusion injury (16) . However, the precise molecular mechanism for DJ-1 neuroprotection is not known. A cysteine residue at position 106 appears to play a crucial role because its substitution resulted in the loss of protective activity in a number of systems (12, 17) . A role for DJ-1 in the assembly of the mitochondrial respiratory chain complex I and supercomplexes has been recently proposed (18) and a two-hybrid screening indeed revealed its interaction with NDUFA4 and ND/MT-ND1 subunits of complex I (10) . By converse, DJ-1 deficiency leads to impaired mitochondrial morphology by interfering with mitochondrial dynamics (19) (20) (21) , endoplasmic reticulum (ER)-mitochondria tethering and Ca 2+ regulation (11) . Pathogenic mutations do not prevent DJ-1 distribution to mitochondria, rather, in some cases, they increase it (9) , despite of reduced protein stability and increased degradation (22) .
All the above considerations led us to address whether mitochondrial DJ-1 could be involved in specific mitochondrial activities and whether, in addition to oxidative stress, other cell conditions or stressors could determine DJ-1 translocation into mitochondria. Our specific aims were (i) to identify a biological function/effect coupled to the mitochondrial localization of DJ-1; (ii) to develop a tool to monitor the sub-mitochondrial compartment in which DJ-1 translocation occurs and (iii) to identify cellular conditions that promote DJ-1 translocation into mitochondria. * To whom correspondence should be addressed at: Department of Biology, University of Padova, Via U. Bassi 58/b, 35131 Padova, Italy. Tel: +39-0498276150; Fax: +390498276363; Email: marisa.brini@unipd.it
We have generated a DJ-1 chimera artificially targeted to the mitochondrial matrix (mtDJ-1) and found that its overexpression enhanced adenosine triphosphate (ATP) levels. Interestingly, artificial (C106T) and pathogenic (M26I and L166P) mutations abrogated this effect. Blue native gel analysis performed on mitochondria isolated from transfected HeLa cells revealed the presence of overexpressed DJ-1 at the level of complex I-containing respiratory chain supercomplexes (RCS), suggesting its engagement in RCS assembly.
We have developed a tool based on the split-green fluorescent protein (GFP) methodology and bimolecular fluorescence complementation (BiFC) (23, 24) to selectively monitor DJ-1 sub-mitochondrial distribution. We have targeted the nonfluorescent GFP 1 -10 moiety to the mitochondrial matrix or the OMM and generated a DJ-1/GFP b strand 11 fusion chimera, which, upon complementation with the GFP 1-10 moiety, reconstituted GFP fluorescent properties. We have found that, apart from abundant amount of DJ-1 in the cytoplasm, well detectable DJ-1 levels are present at the OMM and with less extent in the mitochondrial matrix. Intriguingly, nutrient deprivation resulted in a massive increase of the fluorescent signal in the mitochondrial matrix, indicating the translocation of a consistent pool of DJ-1 protein. The C106T, M26I and L166P DJ-1 mutants displayed evident mitochondrial matrix localization under basal condition, but failed to further translocate in response to starvation. These data suggest that mitochondrial DJ-1 recruitment may guarantee proper energetic balance under condition of cell stress.
RESULTS

Mitochondrial matrix targeted DJ-1 promotes mitochondrial elongation and enhances ATP levels
To investigate the role of DJ-1 at mitochondrial level, we have constructed a DJ-1 chimera specifically targeted to the mitochondrial matrix by the fusion with the mitochondrial presequence of the subunit VIII of human cytochrome c oxidase (25) . The same strategy has been adopted to generate mitochondrially targeted DJ-1 C106T, M26I and L166P mutants. The plasmids were transfected in HeLa cells. Their expression and the targeting of the encoded mitochondrial DJ-1 chimeras (mtDJ-1) were revealed by an anti-DJ-1 antibody. Figure 1A shows the immunocytochemistry analysis which indicates that the delivery to mitochondria by the addition of the targeting sequence was correct because both wt and mtDJ-1 mutants display the typical mitochondrial localization (control cells transfected with the plasmid encoding the red fluorescent protein targeted to the mitochondrial matrix, mtRFP, are shown for comparison).
Similarly to what has been found for the wt DJ-1 (11, 21) , the overexpression of mtDJ-1 wt strongly induced mitochondrial elongation, while, intriguingly, the mtDJ-1 mutants have no effects on it (Fig. 1A) . Morphometric parameters of mitochondria such as circularity and perimeter were calculated by using an ImageJ plug-in (NIH). Average % values are shown in Figure 1B and C: higher % circularity values are indicative of increased circularity of the analyzed object, thus a reduction with respect to control represents enhanced elongation. The mitochondria of cells expressing wt but not mtDJ-1 mutants display a significant reduction of this value suggesting that they are more elongated with respect to those of control cells transfected with mtRFP (average circularity values: 100 + 1.3%, n ¼ 40, mtRFP; 87.6 + 0.9%, n ¼ 36, mtDJ-1 wt, P , 0.001; 101.1 + 1.5%, n ¼ 42, mtDJ-1 C106T; 97.8 + 1.1%, n ¼ 38, mtDJ-1 M26I; 105.6 + 3.7%, n ¼ 28, mtDJ-1 L166P). Average perimeter % values are higher in wt mtDJ-1 expressing cells, thus confirming that mitochondria elongation has occurred (average perimeter values: 100 + 3.57%, n ¼ 37, mtRFP; 139.8 + 5.3%, n ¼ 33, mtDJ-1 wt, P , 0.001; 107.8 + 2.6%, n ¼ 39, mtDJ-1 C106T; 98.5 + 3.1%, n ¼ 38, mtDJ-1 M26I; 69.6 + 4.4%, n ¼ 27, mtDJ-1 L166P, P , 0.001). In mtDJ-1 L166P expressing cells, we have found a reduction of mitochondria perimeter, suggesting possible mitochondria fragmentation, however the mitochondria circularity analysis revealed no statistical significant difference with respect to control cells.
As the pathogenic mutants have been described to be less stable with respect to the wt protein, we checked their level of expression by western blotting analysis. Figure 1D and E shows a representative western blotting and the relative densitometric analysis performed on four independent experiments. The western blotting also shows the expression of the untargeted cytosolic DJ-1 constructs (DJ-1 S11 wt and mutants) tagged with the S11 b strand of GFP. These constructs have been developed for the experiments described in Figures 5 and 7 . The anti-DJ-1 antibody revealed the presence of a lower band at about 23 kDa corresponding to the endogenous DJ-1 protein (eDJ-1) and an upper band of about 25 kDa (tDJ-1) corresponding to mtDJ-1 (due to the fusion at the C-terminal with the 11 amino acids long myc-tag) or to S-11 tagged DJ-1 (due to the addition of the 16 amino acids long GFP S11 b strand plus a linker of 9 amino acids). From the histograms relative to the quantification, it is evident that all the DJ-1 constructs (mt and untargeted) have equivalent level of expression, with exception for the L166P mutant (DJ-1 S11 wt 100 + 4.7%; C106T 101.4 + 9.3%; M26I 100.1 + 4.7%; L166P 14.3% + 1.4, P , 0.001 and mtDJ-1 wt 95.1 + 4.7%; mtDJ-1 C106T 94.1 + 5.8%; mtDJ-1 M26I 88.4 + 4.3%; mtDJ-1 L166P 2.3 + 0.8%, P , 0.001).
To assess whether DJ-1 localization to the mitochondrial matrix could modulate specific mitochondrial function, we measured both mitochondrial ATP synthesis and cytosolic ATP levels by co-expressing the recombinant luciferase probe, mitochondrially targeted luciferase (mtLuc), specifically targeted to the mitochondrial matrix (26) or the cytosolic Perceval probe (27) and mtDJ-1 wt in HeLa cells. The effect of untargeted DJ-1 and of mtDJ-1 mutants has been also evaluated. Figure 2A shows the results obtained with the mtLuc probe. Briefly, cells were perfused with Krebs Ringer Buffer (KRB) and 20 mM luciferin until a plateau was reached, and challenged with 100 mM histamine, an agonist coupled to the generation of inositol 1,4,5 trisphosphate (InsP 3 ) and consequent increase of the cytosolic Ca 2+ concentration. After histamine application, a second plateau is generated corresponding to the amount of newly synthetized ATP. The increase of ATP synthesis was shown as D % of counts per second (cps) calculated by normalizing the cps obtained in the second plateau with respect to the first plateau. The D % cps calculated for the cells transfected with the different DJ-1 constructs were normalized with that of mock cells considered to as 100%. In the left panel, the increase of ATP synthesis was shown as traces of representative Fig. S1 ) and thus excluded that the increase in mitochondrial ATP production was dependent on the Ca 2+ -stimulated activity of the mitochondrial dehydrogenases (28) .
Because DJ-1 has been previously proposed to participate in the activity/assembly of complex I (10, 18) , ATP measurements by mtLuc were performed in the presence of the complex I inhibitor rotenone. Rotenone treatment completely abolished the enhancement in mitochondrial ATP production due to the mtDJ-1 wt overexpression, suggesting that it was totally dependent on complex I activity. Figure 2B shows both the traces of representative experiments and the average data as D % cps calculated as in Panel A (control 100 + 1.4%, n ¼ 17; control + rotenone 94.4 + 1.3%, n ¼ 13, P , 0.01; mtDJ-1 wt 107.0 + 1.4%, n ¼ 18, P , 0.001; mtDJ-1 wt + rotenone 96.2 + 1.2%, n ¼ 13; from at least three independent transfection experiments).
Then, we measured the cytosolic ATP/adenosine diphosphate (ADP) ratio with the cytosolic ATP sensor Perceval (27) . Figure 2C shows the traces and the images obtained in representative experiments before and after the application of 10 mM 
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carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). Figure 2D shows the average data that were obtained from at least three independent transfection experiments. All together these data indicate that DJ-1 supports ATP synthesis and thus sustains energetic metabolism. To investigate whether these effects could be related to DJ-1 at mitochondrial site, we tested its possible engagement in the assembly of complex I and complex I-containing RCS in our cell system. Complex I is assembled in quaternary functional RCS with complexes III and IV (I + III and I + III + IV), whereas most of complex II is not found in RCS (29) . Blue native-polyacrylamide gel electrophoresis (BN-PAGE) and western blotting analysis on mitochondria isolated from HeLa cells overexpressing either mtDJ-1 wt or untargeted DJ-1 were carried out to detect native complex I and/or RCS. The membrane was first probed with an anti-DJ-1 antibody and then with an antibody that specifically recognizes NDUFA9 subunit of complex I (Fig. 3A) . Interestingly, the anti-DJ-1 antibody revealed a positive signal at RCS level, indicating that DJ-1 may directly bind to them and/or have a role in their formation. The anti-DJ-1 antibody also revealed a slight increase in the intensity of the band relative to RCS in the lanes corresponding to cells overexpressing DJ-1 or mtDJ-1 wt. We have quantified it by calculating the ratio between RCS/ complex I and expressed the values as % with respect to the control cells (Fig. 3A , 100 + 0.4% in control, 153.3 + 5.4%, P , 0.01 and 169.2 + 25.8%, P , 0.01 in DJ-1 and mtDJ-1 wt overexpressing cells, respectively, n ¼ 3). The values are statistically different, and considering an average transfection efficiency of about 25% the observed differences should be 4-fold higher in the transfected cell population. The anti-NDUFA9 antibody confirmed that the bands detected by the anti-DJ-1 antibody corresponded to RCS containing complex I, and as revealed by the anti-DJ-1 antibody, also the anti-NDUFA9 antibody revealed a slight increase in the amount of the RCS in the lanes corresponding to DJ-1 overexpressing cells (Fig. 3A , 100 + 0.01% in control, 152.9 + 7.8%, P , 0.01 and 185.8 + 47.9%, P , 0.01 for DJ-1 and mtDJ-1 wt overexpressing cells, respectively, n ¼ 3). Figure 3B shows the western blotting analysis performed on the same samples processed by non-native sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The membrane was first incubated with the anti-total oxidative phosphorylation complexes (OXPHOS) antibodies cocktail against five mitochondrial complex subunits and then reprobed with the anti-DJ-1 antibody. No changes in the expression level of the different subunits were observed in DJ-1 overexpressing cells, thus possibly excluding the involvement of protein translation/degradation in regulating RCS assembly. Figure 3C shows western blotting analysis by BN-PAGE of RCS in cells overexpressing the DJ-1 mutants. The anti-DJ-1 and the anti-NDUFA9 antibodies revealed similar intensities for the bands relative to RCS in mitochondria from mtDJ-1 wt and C106T, M26I and L166P DJ-1 mutants overexpressing cells, suggesting that the mutations did not impaired DJ-1 ability to interfere with the assembly of complex I-containing RCS.
Developing of a split-GFP-based DJ-1 chimera to establish DJ-1 localization at sub-mitochondrial level and follow its translocation to the mitochondria Once observed that DJ-1 has a role in the modulation of energy metabolism (possibly acting at the mitochondrial site), we were interested in investigating whether the overexpressed untargeted DJ-1 protein could partially localize to mitochondria and/or could translocate to mitochondria under specific cell conditions. To do this, we have developed a tool based on BiFC of split GFP (23, 24) that selectively permits to establish in which mitochondrial sub-compartment DJ-1 eventually spreads out.
The GFP 1-10 moiety lacking the S11 b strand was fused to the mitochondrial presequence of the subunit VIII of human cytochrome c oxidase to generate a mitochondrially targeted green fluorescent protein (mtGFP) 1-10 fragment constitutively imported into the mitochondrial matrix. The 16 amino acids long S11 b strand, which is essential to complementation of the GFP 1-10 moiety, was fused to the DJ-1 C-terminal domain to generate the S11-tagged DJ-1 fragment (DJ-1 S11). Because complementation, and thus green fluorescence emission, can occur only if the two GFP fragments properly interact, the co-transfections of these two constructs should permit to reveal whether/when a pool of recombinant DJ-1 protein is resident or moves to the mitochondrial matrix. Numerous controls have been performed to validate the tool. The untargeted GFP 1-10 fragment and a GFP 1-10 chimera targeted to the cytosolic surface of the OMM (OMM GFP 1-10) by the fusion with the first 33 amino acids of the TOM20 N-terminal tail (N33, (30)) have also been employed. First of all we have checked for the absence of fluorescent signal when the different plasmids were co-transfected with the empty pcDNA3 vector. Figure 4A shows that the mtGFP 1-10 and OMM GFP 1-10 fragments, similarly to the untargeted GFP1-10 fragment, do not release fluorescence signal following excitation at 488 nm wavelength. The expression and the proper targeting of the three constructs were controlled by immunocytochemistry analysis performed with polyclonal anti-GFP antibody that revealed a typical mitochondrial signal in mt and OMM GFP 1-10 expressing cells, and a diffuse cytosolic signal in those positive for untargeted GFP 1-10 expression. Similarly, the expression of DJ-1 S11 was verified. As expected, no fluorescence emission was detected at 488 nm. The anti-DJ-1 antibody revealed a diffuse cytosolic signal in DJ-1 overexpressing cells as well as background signal corresponding to the endogenous DJ-1 in untransfected cells. The possibility that the complementation process could efficiently occur in the mitochondrial matrix after proteins import has been verified by the co-transfection of mtGFP 1-10 and an 
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Human Molecular Genetics, 2015, Vol. 24, No. 4 unrelated S11-tagged protein artificially targeted to the mitochondrial matrix (Supplementary Material, Fig. S2 ). Then, the plasmids encoding untargeted, mt or OMM GFP 1-10 fragments and DJ-1 S11 were co-transfected in HeLa cells (Fig. 4B) . The cartoon on the left summarizes the possible outcomes in the case of positive GFP complementation. The panels on the right show the images obtained upon cell illumination at 488 nm: the strong cytosolic signal in GFP 1-10 and DJ-1 S11 co-transfected cells indicated that our chimeras are able to complement in the cytoplasm. In the case of mtGFP 1-10 and DJ-1 S11 co-expression no evident fluorescent signal was detected, but in few cells a barely appreciable signal reminiscent of mitochondria structure has been observed, suggesting that a very small fraction of DJ-1 protein resides in the mitochondrial matrix. In the cells co-expressing OMM GFP 1-10 and DJ-1 S11, the signal coming from mitochondria was clearly evident, indicating that a pool of overexpressed DJ-1 is localized at the OMM level, as previously documented by different approaches (12, 13) .
Nutrient starvation induced DJ-1 translocation to the mitochondrial matrix
At this point, we were interested in investigating whether DJ-1 translocation to mitochondria may occur under specific cell conditions. We first tested experimental conditions, e.g. oxidative stress, that have been previously described to enhance DJ-1 mitochondrial localization. HeLa cells co-transfected with mtGFP 1-10 and DJ-1 S11 constructs were incubated with 10 mM rotenone or 200 mM hydrogen peroxide (H 2 O 2 ) for 24 or 12 h, respectively, at 378C in a 5% CO 2 atmosphere. After the treatments, the coverslips with the cells were observed by confocal microscopy. An appreciable increase in mitochondrial fluorescent signal was detected in both cases, suggesting that DJ-1 translocation into the mitochondrial matrix has occurred (Fig. 5A ). Then, we tested whether nutrient depletion, a stress condition known to induce autophagy and mitochondrial elongation as cell survival strategies to enhance ATP production, might evoke DJ-1 mitochondrial translocation. Twenty-four hours after transfection HeLa cells were challenged with Hank's balanced salt solution (HBSS) for 4, 8 and 12 h at 378C in a 5% CO 2 atmosphere. Figure 5B shows the time course experiments. The cells were loaded with Mitotracker red and then observed by a confocal microscope upon 488 (GFP fluorescence, left panels) or 594 nm excitation (Mitotracker red fluorescence, middle panels). The merge (right panels) revealed that the co-localization increased upon nutrient depletion. Figure 5C shows the quantitative analysis of this phenotype: bars represent the corrected total cell fluorescence (CTCF) calculated by the ImageJ. The GFP and Mitotracker red fluorescence values obtained during the time course were normalized with respect to the initial Mitotracker red fluorescence quantified in the absence of HBSS treatment and expressed as % of CTCF arbitrary units (GFP, untreated 98.8 + 17.9%, n ¼ 10; 4 h HBSS 629.4 + 107.5%, n ¼ 10, P , 0.001; 8 h HBSS 858.1 + 110.8%, n ¼ 22, P , 0.001; 12 h HBSS 270.3 + 64.3%, n ¼ 7, P , 0.01 and Mitotracker, untreated 100 + 8.8%, n ¼ 7; 4 h HBSS 78.6 + 10.2%, n ¼ 11; 8 h HBSS 95.9 + 8.4%, n ¼ 26; 12 h HBSS 85.8 + 13.9%, n ¼ 13). A very low mitochondrial signal was detected in untreated cells. It was presumably due to constitutive mitochondrial localization of overexpressed DJ-1.
At 4 h of starvation, the mitochondrial GFP fluorescence significantly increased and reached its maximum after 8 h. The Mitotracker red signal remained unaffected during the time course, indicating that no major impairment in mitochondria number or physiology (i.e. in mitochondrial membrane potential) has occurred. Our further analyses were carried out at 8 h of starvation.
Similar experiments have been repeated using the OMM GFP 1-10 moiety: no changes in the fluorescence levels were detected upon nutrient starvation, suggesting that the pool of DJ-1 protein located at the OMM is rather stable (Supplementary Material,  Fig. S3 ).
DJ-1 distribution and mitochondria content before and after starvation were also evaluated by western blotting analysis on subcellular Post nuclear supernatant (PNS), cytosolic (Cyt) and mitochondria (Mito) fractions of HeLa cells transfected with empty pcDNA3 vector or DJ-1 S11. Figure 6A shows the results. The membrane was incubated with an anti-DJ-1 antibody, and then sequentially re-probed with anti-Mitofusin 2 (Mfn2) and anti-voltage gated anion channel 1 (VDAC1) antibodies as markers for the mitochondrial fraction, and an anti-a-tubulin antibody as a marker for the cytosolic fraction. The anti-DJ-1 antibody revealed that the endogenous (eDJ-1) and the transfected (tDJ-1) DJ-1 are abundant in the PNS and Cyt fractions and constitutively present also in the Mito fraction. Interestingly, upon starvation (+8 h HBSS) the amount of the band relative to tDJ-1 in the Mito fraction augmented of about 30% (100 + 4.3% in untreated cells versus 133.6 + 7.2% in 8 h HBSS treated cells, P , 0.05, n ¼ 3), thus accounting for DJ-1 S11 mitochondrial translocation ( Fig. 6A and B) . The anti-Mfn2 and anti-VDAC1 positive band intensities are equivalent before and after starvation, indicating that the mitochondrial content was not substantially changed. Despite this approach does not permit to distinguish between the different sub-mitochondrial compartments, the increment of tDJ-1 in the Mito fraction suggests that a fraction of cytosolic DJ-1, and not that at the OMM, accounted for the translocation to mitochondria. The translocation of endogenous DJ-1 was instead not appreciable, as previously reported by others in cells exposed to oxidative stress (9) .
To better evaluate the DJ-1 distribution in mitochondrial subcompartments by western blotting analysis and further confirm the data obtained with split-GFP, purified mitochondria from DJ-1 S11 expressing HeLa cells were incubated with proteinase K (PK) and digitonin (Dig.) both in the absence and after 8 h of HBSS treatment (Fig. 6C) . A consistent fraction of DJ-1 mitochondrial pool is protected from the digestion with PK suggesting that it may be present in the intra-mitochondrial compartments, i.e. the intermembrane space, the inner mitochondrial membrane and the matrix. In the same condition, the OMM Mfn2 was almost completely digested. The incubation of mitochondria with PK in the presence of digitonin drastically decreased the amount of DJ-1, as it was the case for the inner mitochondrial membrane Opa1 protein, suggesting that a DJ-1 pool is present at the level of the inner membrane. A fraction of recombinant DJ-1 was resistant to PK/dig digestion and its amount was slightly augmented following HBSS-induced starvation, suggesting its presence in the mitochondrial matrix. To better appreciate the amount of DJ-1 protein in the mitochondrial matrix, the ratio between the fraction remaining after PK/dig digestion with respect to the initial amount was calculated both for transfected and endogenous DJ-1. Their ratio values were similar, being, respectively, 0.4 and 0.2 against a ratio of 0.03 calculated for Opa1. HSP60 protein has been monitored as a marker for mitochondrial matrix and it was relatively stable even after PK/dig treatment (ratio 0.8).
Altogether, these experiments conclusively demonstrated HBSS starvation induced DJ-1 mitochondrial translocation into the mitochondrial matrix.
Artificial C106T and pathogenic M26I and L166P DJ-1 mutations enhanced constitutive DJ-1 mitochondrial localization but abolished its translocation into the mitochondrial matrix after starvation
To investigate whether DJ-1 translocation to the mitochondrial matrix was a prerogative of wt DJ-1 protein, we performed the same type of analysis in Hela cells expressing C106T, M26I and L166P DJ-1 S11 mutants. Western blotting analysis shown in Figure 1D and E indicated that the different constructs were expressed in equivalent amounts, with exception for the L166P DJ-1 S11 construct. The three DJ-1 mutants S-11 tagged constructs were co-transfected with mtGFP 1-10 expression plasmid, and their distribution was analyzed by immunocytochemistry. The anti-DJ-1 antibody revealed that they are predominantly cytosolic. In a few cells, a signal reminiscent of mitochondria is appreciable and suggests their localization also in this compartment (Fig. 7A) . Untransfected cells indicative for the endogenous DJ-1 level are also visible. Then, the distribution of complemented GFP was analyzed by illuminating the cells at 488 nm. The images of Figure 7A refer to co-transfected HeLa cells untreated (on the left) and after 8 h of HBSS incubation (on the right). Wt S11-tagged DJ-1 was shown for comparison. In basal conditions, a clear mitochondrial 
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GFP fluorescence signal was appreciable in the cells expressing all the three DJ-1 mutants; instead, the signal was very low in those overexpressing the wt DJ-1 S11, as previously documented. This finding indicated that the introduction of these mutations in DJ-1 protein enhanced its mitochondrial matrix localization. The quantitative analysis is shown in Figure 7B . No differences in GFP fluorescence intensity has been observed after 8 h of starvation, indicating that the mitochondrial matrix pool of all the three DJ-1 S11 mutants did not change. The absence of translocation is clearly appreciable from the quantitative analysis shown in Figure 7B . The bars refer to the GFP fluorescence values normalized with respect to the initial fluorescence values measured in wt DJ-1 S11 transfected cells in the absence of HBSS and expressed as % of CTCF arbitrary units (values are: 100 + 14.0%, n ¼ 41 for wt DJ-1 S11 untreated; 278.5 + 34.3%, n ¼ 37 for wt DJ-1 S11 8 h HBSS treated, P , 0.001; 339.0 + 37.2%, n ¼ 15 for C106 T DJ-1 S11 untreated; 362.2 + 42.5%, n ¼ 17 for C106 T DJ-1 S11 8 h HBSS treated; 320.1 + 34.2%, n ¼ 32 for M26I DJ-1 S11 untreated; 327.4 + 24.5%, n ¼ 29 for M26I DJ-1 S11 8 h HBSS treated; 224.8 + 38.8%, n ¼ 19 for L166P DJ-1 S11 untreated; 322.4 + 33.6%, n ¼ 21 for L166P DJ-1 S11 8 h HBSS treated). As in the case of wt DJ-1 S11, similar experiments have been repeated using the OMM GFP 1-10 moiety: no changes in the fluorescence levels were detected upon nutrient starvation in the pool of DJ-1 mutants located at the outer membrane (Supplementary Material, Fig. S3 ). The distribution of C106T, M26I and L166P DJ-1 S11 proteins has been evaluated also by western blotting analysis on subcellular fractions of transfected cells before and after 8 h of starvation (Fig. 7C) .
The anti-DJ-1 antibody revealed the presence of the 23 kDa eDJ-1 and the 25 kDa bands which correspond to the tDJ-1 Where indicated the mitochondria were incubated with PK or PK plus digitonin (Dig.). An anti-DJ-1 was used to reveal DJ-1 distribution and anti-Mfn2, Opa1 and HSP60 antibodies were used as OMM, inner mitochondrial membrane and matrix markers, respectively. Figure 7 . C106T, M26I and L166P DJ-1 mutants failed to translocate into the mitochondrial matrix upon nutrient depletion. Experimental conditions as in Figure 5 . (A) Confocal images from HeLa cells co-transfected with mtGFP1-10 and wt DJ-1 S11 or C106T, M26I, L166P DJ-1 S11 mutants. The anti-DJ-1 antibody revealed that the S11-tagged DJ-1 constructs were expressed (Alexa 633 fluorescence). The emission of 488nm fluorescence indicated that DJ-1 mutants have an evident mitochondrial localization. As in Figure 5 , the GFP fluorescence was monitored in the absence (2) 
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Human Molecular Genetics, 2015, Vol. 24, No. 4 S11 mutants and confirmed their presence in the pure mitochondrial fraction. Densitometric analysis (Fig. 7D) confirmed that the t-DJ-1 S11 immunopositive bands intensity in Mito fraction did not change after 8 h of starvation (values for C106T, M26I and L166P DJ-1 S11 are, respectively, 100 + 3.2% in untreated and 92.2 + 6.8% in 8 h HBSS treated cells; 100 + 11.8% in untreated and 122.6 + 8.8% in 8 h HBSS treated cells; 100 + 5.4% in untreated and 100.0 + 3.2% in 8 h HBSS treated cells; from at least two independent experiments).
Overexpression of DJ-1 (and possibly mitochondrial DJ-1 translocation) induced recovery from autophagy during starvation
Because nutrient depletion is known to induce autophagy and during autophagy mitochondria elongate (similarly to what observed following DJ-1 overexpression) to sustain cell viability (31,32), we searched for a link between DJ-1 expression, its localization to mitochondria and basal or starvation-induced autophagy.
The processing of the microtubule-associated protein light chain 3 (LC3-I), that during autophagy undergoes cleavage and lipidation to yield LC3II form (33) , has been analyzed in Hela cells expressing wt DJ-1 S11 and C106T, M26I, L166P mutants. Figure 8A and B show the representative western blottings and the quantitative densitometric analysis where the LC3II signal intensities were normalized over a-tubulin. In basal conditions, the autophagic marker LC3II accumulated in DJ-1 S11 (both wt and mutants) expressing cells, being its level higher than in control cells (245.5 + 35.6%, n ¼ 4, P , 0.01 in wt DJ-1 S11; 239.4 + 44.8%, n ¼ 3, P , 0.05 in C106T DJ-1 S11; 331.9 + 28.9%, n ¼ 3, P , 0.01 in M26I DJ-1 S11; 285.7 + 59.8%, n ¼ 3, P , 0.05 in L166P DJ-1 S11 expressing cells versus 100 + 40.7%, n ¼ 5 in control cells). After blocking autophagosomes lysosomal degradation with bafilomycin, the LC3II levels augmented, but they were equivalent in control and DJ-1 overexpressing cells (381.8 + 138.6%, n ¼ 3, mock versus 384.3 + 26.5%, n ¼ 3, wt DJ-1 S11, 477.35 + 58.0%, n ¼ 3, C106 T DJ-1 S11, 448.9 + 32.4%, n ¼ 3, M26I DJ-1 S11, 525.3 + 113.9%, n ¼ 3, L166P DJ-1 S11). Thus, the increase in LC3II levels observed in DJ-1 overexpressing cells in the absence of bafilomycin indicates an impairment in autophagosomes degradation with respect to control cells. Upon nutrient deprivation, the situation was different and much more interesting. After HBSS treatment, autophagic flux was apparently equivalent in DJ-1 S11 overexpressing cells with respect to control (144.1 + 22.6%, n ¼ 5, wt DJ-1 S11; 224.1 + 64.7%, n ¼ 3, C106T DJ-1 S11; 166.21 + 50.84%, n ¼ 3, M26I DJ-1 S11; 226.1 + 44.2%, n ¼ 3, L166P DJ-1 S11 versus 157.4 + 35.1%, n ¼ 5, mock), but the inhibition of autophagosomes degradation by bafilomycin revealed that the LC3II levels were reduced in wt DJ-1 S11 overexpressing cells with respect to control (227.4 + 45.9%, n ¼ 3, wt DJ-1 S11 versus 377.5 + 24.4%, n ¼ 3, mock; P , 0.05), but not in cells overexpressing the DJ-1 mutants (493.8 + 47.9%, n ¼ 3, C106T DJ-1 S11; 406.0 + 66.8%, n ¼ 3, M26I DJ-1 S11; 548.0 + 185.4%, n ¼ 3, L166P DJ-1 S11). These data indicate that wt DJ-1 (but not of DJ-1 mutants) counteracted autophagosomes formation occurring upon nutrient depletion, suggesting that only wt DJ-1 induced recovery from autophagy in starvation conditions. The LC3 levels were also monitored in HeLa cells transfected with the mtDJ-1 construct artificially targeted to the mitochondrial matrix. Figure 8C shows that in mtDJ-1 transfected cells the level of autophagic marker LC3II was reduced with respect to control cells (78.9 + 1.7, n ¼ 9 versus 100 + 1.5%, n ¼ 9; P , 0.001, respectively). After bafilomycin treatment, i.e. a condition that should reveal eventual differences in the autophagosomes formation, the LC3II levels were augmented and were equivalent in control and mtDJ-1 expressing cells (476.1 + 42.7, n ¼ 9 versus 470.4 + 30.8, n ¼ 9, respectively), indicating that, under the basal condition, the presence of overexpressed DJ-1 in the mitochondrial matrix enhanced autophagosomes degradation.
To figure out whether mitochondrial DJ-1 recruitment under starvation may effectively have a role in sustaining ATP production, the cytosolic ATP/ADP ratio was measured by Perceval probe in condition of starvation in the presence or in the absence of overexpressed mtDJ-1. Figure 8D shows that the cells incubated in HBSS for 8 h have a reduction of ATP levels of about 20% (100 + 5.1%, n ¼ 21 in mock untreated cells versus 82.9 + 6.2%, n ¼ 20, P , 0.05 in mock 8 h HBSS), and, intriguingly, the introduction of mtDJ-1 not only fully recovered the impairment but also improved ATP levels with respect to mock untreated cells, being the value 116.1 + 4.6%, n ¼ 19 in mtDJ-1 8 h HBSS, P , 0.0001 versus mock 8 h HBSS and P , 0.05 versus mock untreated cells.
DISCUSSION
Numerous studies have investigated the involvement of the PD-related proteins DJ-1, parkin and PINK1 in the regulation of mitochondrial function. Although the role of PINK1 and parkin in the mitochondrial quality control has been extensively elucidated, that of DJ-1 at mitochondria level is less clear. Mitochondrial DJ-1 translocation enhanced DJ-1 protective role against oxidative stress, suggesting that its mitochondrial localization may be important to this action (9, 15, 34) . However, critical questions on DJ-1 function inside mitochondria are still open. Our present work aimed to clarify this issue taking advantage from the expression of a DJ-1 chimera (mtDJ-1) constitutively targeted to the mitochondrial matrix to unmask phenotypes associated with DJ-1 localization into the mitochondrial matrix and the development of split-GFP-based probes to monitor DJ-1 translocation in mitochondrial compartments in response to specific conditions. We have found that overexpressed mtDJ-1 enhanced ATP production (both in basal and under starvation conditions), mitochondrial elongation and respiratory chain super-complexes assembly. These results provide direct evidence for DJ-1 in sustaining energetic metabolism possibly acting at complex I level, in agreement with studies on DJ-1 null mouse dopaminergic cells where impairments in the assembly and activity of complex I have been observed (18, 35) .
The development of two split-GFP-based tools selectively directed to the mitochondrial matrix and to the OMM has permitted to precisely define the distribution of overexpressed DJ-1 protein in the different mitochondrial sub-compartments and to dynamically monitor its translocation. We have unequivocally demonstrated that, in basal conditions, a small but detectable fraction of overexpressed DJ-1 resides in the mitochondrial matrix and that a more abundant fraction is present at the outer membrane level. Intriguingly, the amount of DJ-1 protein in the mitochondrial matrix augmented of about 3-8 folds (depending on different HBSS treatments) in response to nutrient deprivation.
The introduction of C106T, M26I and L166P point mutations in DJ-1 sequence did not prevent DJ-1 localization to the mitochondrial matrix (rather, in basal condition enhanced it), but, interestingly, it completely abolished the ability of DJ-1 to move to the mitochondrial matrix under starvation conditions. The mutations also abrogated the ability of mitochondrially targeted DJ-1 to enhance mitochondrial elongation and ATP synthesis. These findings are particularly interesting because the failure of the DJ-1 PD-mutants to translocate to mitochondria upon oxidative stress (despite of their ability to localize to them) has been associated to the absence of their neuroprotective action (36, 37) . If in the case of L166P mutant the absence of effect could be due to reduced level of expression, which has also been previously documented (9, 22, 37, 38) , this was not the case for the other mutants, suggesting that the mutations not only impaired DJ-1 modulation of energetic metabolism but also compromise the signal for its recruitment at mitochondrial site upon cell stress condition.
Our results on autophagy provide further insights on the meaning of DJ-1 in the mitochondria. DJ-1 knocking out has been reported both to reduce basal autophagy (20, 39, 40) and to promote it (19, 41, 42) , thus the issue was still controversial. The selective DJ-1 overexpression in the mitochondrial matrix promoted basal autophagy by enhancing autophagosomes degradation. This action (which favours proper proteins/organelles recycling) together with the improvement of the energetic metabolism (by stimulating ATP synthesis) may possibly account for the DJ-1 role in guaranteeing cell wellness and survival. The overexpression of DJ-1 S11, instead, had an opposite effect: it reduced autophagosomes degradation in basal conditions, suggesting that cytosolic DJ-1 pool may have a distinct role from the mitochondrial one. Interestingly, upon starvation (when the mitochondrial pool of DJ-1 was augmented), the situation was again different. Autophagic fluxes were apparently unaffected by the overexpression of DJ-1 in HBSS treated cells, however, when autophagosomes degradation was inhibited by bafilomycin, a recovery from autophagy was clearly appreciated in wt DJ-1 S11 overexpressing cells. Thus, if in resting condition, mitochondrial DJ-1 overexpression promotes basal autophagy to guarantee a physiological turnover of mitochondrial population, under nutrient depletion DJ-1 counteracts it to save as much as possible ATP-producing mitochondria from degradation. Intriguingly, DJ-1 mutants failed to rescue from autophagy under starvation conditions (see histograms relative to cells treated with bafilomycin and 8 h HBSS), underlining that the consequences of their loss of function is particularly relevant in critical situations.
Mitochondrial elongation observed following DJ-1 overexpression may be a response to counteract autophagy. Indeed, mitochondrial elongation has been reported to occur during nutrient starvation as a critical cellular response to autophagy (31, 32) . Elongated mitochondria are protected from autophagosomes degradation and have a higher density of cristae, which favours oligomerization of ATP synthase to sustain ATP synthesis (32) . The finding that mitochondrial DJ-1 was able to restore ATP levels that were impaired by starvation suggests that DJ-1 translocation to mitochondria may be a physiological response of the cells to guarantee energetic balance in critical situations.
Last but not least, we would like to underline that the results presented in this paper have permitted us to validate a new extremely specific and sensitive method to monitor the localization/translocation into the mitochondrial matrix of a protein of interest by constructing the opportune S11-tagged chimera. This probe is an excellent reporter both in constitutive and dynamic conditions and has several unique advantages: it has no endogenous background signal and it permits (i) to directly monitor mitochondrial localization/translocation in living or fixed cells by dynamically recording changes in fluorescence intensities; (ii) to perform a quantitative analysis by quantifying the fluorescent signal and (iii) to reveal the existence of a mitochondrial pool of the protein of interest, even in a context where the protein is largely cytosolic.
In summary, we have found that mitochondrial DJ-1 pool not only has an important regulatory role in the energetic metabolism but it may represent a tunable target for protecting cells against unfavourable conditions such as oxidative stress and nutrient depletion.
MATERIALS AND METHODS
DNA constructs
Plasmids encoding mitochondrially targeted DJ-1 (mtDJ-1 wt and mutants) were constructed by polymerase chain reaction (PCR). The cDNAs of wt (11), or C106T, M26I and L166P DJ-1 (obtained by Dr A. Negro, University of Padova, Italy) have been amplified by a forward primer containing the mitochondrial targeting of subunit VIII of the human cytochrome c oxidase (25) and a reverse primer containing the myc-epitope sequence. Untargeted, mitochondrial matrix-and OMM-targeted humanized GFP 1-10 expressing vectors were generated by PCR amplification from the GPI-GFP1-10 template (43) kindly provided by Dr F. Pinaud (University of Southern California, USA) using forward primers containing the mitochondrial matrix presequence of the subunit VIII of cytochrome c oxidase (25) and the N-terminal 33 amino acids sequence of TOM20 protein (30) . The S11 b strand has been added to the C-terminal domain of DJ-1 protein by PCR amplification. For details, see Supplementary Material. Plasmid encoding mtLuc was previously described (26) . mtRFP and Perceval probe were provided by Dr R. Rizzuto (University of Padova, Italy).
Cell cultures and transfection
HeLa cells were grown in Dulbecco's modified Eagle's medium High Glucose (DMEM, Euroclone), supplemented with 10% fetal bovine serum (FBS, Euroclone), 100 U/ml penicillin and 100 mg/ml streptomycin; 12 h before transfection, cells were seeded onto 13/24 mm glass coverslips or on six multiwell plates and allowed to grow to 50% confluence. Transfection was carried out by the calcium-phosphate procedure (44) and in the case of co-transfection a 1 : 2 ratio in favour to DJ-1 expressing plasmids was adopted. The cells were generally analyzed 24-36 h after transfection. Where indicated the cells were starved 24 h after transfection for 4, 8 or 12 h at 378C in a 5% CO 2 atmosphere by replacing the growth medium with HBSS 1X (14025, Gibco) supplemented with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (pH 7.4). Mock cells were maintained in growth medium for all the duration of the time course of the starvation protocol (8 or 12 h depending on the experiment). Mitotracker red was incubated in HBSS for half an hour before fixing the cells at the indicated time. Bafilomycin 50 or 100 nM was incubated for 8 h or 24 h, according to the experiment, at 378C in a 5% CO 2 atmosphere.
Immunocytochemistry analysis
Transfected cells plated on coverslips were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS; 140 mM NaCl, 2 mM KCl, 1.5 mM KH 2 followed by 30 min wash in 1% gelatin (type IV, from bovine skin, Sigma) in PBS at room temperature. The coverslips were then incubated for 90 min at 378C in a wet chamber with the specific antibody diluted in PBS. Staining was revealed by the incubation with specific AlexaFluor 488 or 633 secondary antibodies for 45 min at room temperature (1:100 dilution in PBS; Invitrogen). Fluorescence was analyzed with a Leica Confocal SP5 microscope and images were acquired by using Leica AS software. CTCF was calculated by using ImageJ software as described in (45) . Briefly the cell of interest is selected using the drawing/selection polygon tool and the area, the integrated density and the mean gray value are measured. At least three additional selections from a non-fluorescent region next to the cell of interest were acquired and considered as background. The following formula is then used: CTCF ¼ integrated density -(area of selected cell × mean fluorescence of background readings).
Luciferase assay
Luciferase luminescence was measured as previously described (26) . HeLa cells co-transfected with a mitochondrial luciferase chimera (mtLuc) were perfused at 378C with KRB (125 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 20 mM HEPES, pH 7.4, 378C) containing 1 mM CaCl 2 , 5.5 mM glucose and 20 mM luciferin. Where indicated in the figures, 100 mM histamine was added to the perfusion medium and rotenone 10 mM was incubated for 12 h at 378C in a 5% CO 2 atmosphere before the ATP measurement and added to the KRB during the measurement. For each measurement, the light emission (cps, counts per second) after histamine application was normalized on cps emitted after luciferin addition.
Perceval measurements
Measurements were performed as described in (27, 46) ; 36 h after transfection, the coverslips with the cells were transferred to KRB supplemented with 1 mM CaCl 2 and 5 mM glucose and analyzed by a Leica SP confocal microscope. Whole cells were selected as regions of interest (ROI) and illuminated at 488 nm wavelength with fixed excitation times of 1 s. Images were acquired at 535 nm emission wavelength at frequency of 0.2 Hz every 4 s. FCCP 10 mM was added to the cells after 1 min from the beginning of the acquisition. Imaging data were background-subtracted, analyzed by ImageJ and presented as % F/F 0 , where F is fluorescence value measured during experiment, and F 0 is the minimum fluorescence value obtained after the addition of FCCP.
Analysis of mitochondrial morphology
mtRFP fluorescence from positive co-transfected cells was used to reveal mitochondrial morphology. Confocal microscopy images of randomly selected fields were acquired and every single mitochondria of the investigated cells was marked to analyze its area, perimeter, major and minor axes by ImageJ plug-in (NIH). The mitochondrion circularity and perimeter (consistent with a measure of mitochondrial length) were calculated on the basis of these parameters and reported as % average as described elsewhere (47) .
Western blotting analysis
Cells were washed with ice-cold PBS supplemented with cocktail protease inhibitors (Sigma). Cell extracts were prepared by solubilizing cells in ice-cold lysis buffer (150 mM NaCl, 50 mM TrisHCl, pH 7.4, 1 mM ethylene glycol tetraacetic acid/Tris, pH 7.4, 1% Triton) containing 1 mM phenylmethylsulfonyl fluoride and cocktail protease inhibitors (Sigma). Supernatants were collected after 10 min centrifugation at 10 000 g at 48C. The total protein content was determined by the Bradford assay (Biorad). Samples were loaded on a 12% SDS-PAGE Tris-HCl gel, transferred onto polyvinylidene fluoride membrane (Biorad) and incubated overnight with the specific primary antibody at 48C. Detection was carried out by incubation with secondary horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (Santa Cruz Biotechnology) for 1.5 h at room temperature. The proteins were visualized by the chemiluminescent reagent, Immobilon Western (Millipore). Densitometric analyses were performed by using ImageJ analysis software. Means of densitometric measurements of at least three independent experiments, normalized by the endogenous a-tubulin or b-actin values, were compared by Student's t-test.
Blue native gel electrophoresis
Blue native gel electrophoresis (BNGE) has been performed as in (48) . Briefly, 50 mg of crude mitochondrial fraction were resuspended in a lysis buffer (4× Native PAGE sample buffer (BN2003, Invitrogen), 2% digitonin, protease inhibitor cocktail and water to a final volume of 50 ml) and incubated on ice for 5 min. After centrifugation at 20 000 g for 30 min at 48C, the supernatant was collected, and 1.5 ml of native PAGE 5% G250 sample buffer additive (BN2004, Invitrogen) was added to the final sample volume. Equal amounts of mitochondrial proteins were separated by 3 -13% gradient BNGE.
Subcellular fractionation
Preparation of mitochondrial fraction from HeLa cells: all samples were maintained in ice and all centrifugations were performed at 48C. Cells were scraped in PBS and centrifuged at 1000 g for 4 min. Then, the cells were re-suspended in HEPES buffer (10 mM HEPES, 0.25 M sucrose, pH 7.4, protease inhibitor cocktail) and mechanically lysed using a potter. Samples were centrifuged at 1000 g for 4 min to eliminate nuclei. PNS was centrifuged at 10 000 g for 10 min to separate mitochondria from cytosolic fraction. The supernatant (Cyt) was centrifuged three times and carefully collected without perturbing the mitochondrial pellet (Mito). Mitochondria were washed three times in HEPES buffer and then re-suspended in N-[Tris(hydroxymethyl)-methyl]-2-aminoethanesulfonic acid (TES) buffer (10 mM TES, 0.5% NP40, pH 7.4, protease inhibitor cocktail). Where indicated, mitochondrial fraction was incubated with PK (4 mg/mg mitochondrial protein) or PK and 0.1% digitonin for 10 min at 48C.
Statistical analysis
Data are reported as means + SEM. Statistical differences were evaluated by Student's two-tailed t-test for impaired samples, with P value 0.05 being considered statistically significant ( * P , 0.05; * * P , 0.01 and * * * P , 0.001).
